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ABSTRACT
X-ray reverberation, where light-travel time delays map out the compact geometry around
the inner accretion flow in supermassive black holes, has been discovered in several of the
brightest, most variable and well-known Seyfert galaxies. In this work, we expand the study of
X-ray reverberation to all Seyfert galaxies in the XMM–Newton archive above a nominal rms
variability and exposure level (a total of 43 sources). Approximately 50 per cent of sources
exhibit iron K reverberation, in that the broad iron K emission line responds to rapid variability
in the continuum. We also find that on long time-scales, the hard band emission lags behind the
soft band emission in 85 per cent of sources. This ‘low-frequency hard lag’ is likely associated
with the coronal emission, and so this result suggests that most sources with X-ray variability
show intrinsic variability from the nuclear region. We update the known iron K lag amplitude
versus black hole mass relation, and find evidence that the height or extent of the coronal
source (as inferred by the reverberation time delay) increases with mass accretion rate.
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1 IN T RO D U C T I O N
In recent years, X-ray reverberation has opened a new way to inves-
tigate the inner accretion flow around supermassive black holes.
XMM–Newton and NuSTAR observations of the high-frequency
variability have shown that the soft excess (Fabian et al. 2009;
De Marco et al. 2013), broad iron K line (Zoghbi et al. 2012; Kara
et al. 2013c) and Compton hump (Zoghbi et al. 2014; Kara et al.
2015) lag behind the continuum emission, suggesting light-travel
distances of a few gravitational radii. Previous studies have shown
reverberation in the best individual cases, where the sources are
highly variable, bright and have long observations. Now that the
phenomenon of iron K lags has been established in many indi-
vidual studies, it is important to determine its prevalence in the
wider Seyfert population. Therefore in this work we conduct a
global look at the X-ray time lags in Seyfert galaxies observed with
XMM–Newton.
X-ray reverberation lags were first robustly discovered in the
source 1H 0707−495, which is one of the most highly variable and
well-observed Seyfert galaxies in the XMM–Newton archive (Fabian
et al. 2009; Zoghbi et al. 2010). In that study, the authors showed
that for the emission varying on short time-scales (∼1000 s), the
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0.3–1 keV band (which we will refer to as the soft band) lagged
behind the continuum-dominated 1–4 keV band (the hard band) by
30 s. This soft lag was interpreted as due to the light-travel distance
between the continuum-emitting corona and the accretion disc that
fluoresces after being irradiated by the continuum. Several studies
confirmed this discovery in other bright, well-known Seyferts (e.g.
Emmanoulopoulos, McHardy & Papadakis 2011; de Marco et al.
2011; Zoghbi & Fabian 2011; Legg et al. 2012). See Uttley et al.
(2014) for a detailed review.
De Marco et al. (2013) performed the first systematic look at
the frequency dependence of the lags between the soft and hard
bands (roughly the 0.3–1 keV and 1–4 keV bands). They performed
this analysis on the CAIXA catalogue (Bianchi et al. 2009) of
unobscured, radio-quiet Seyferts in the XMM–Newton archive. They
looked at the time lags for all sources in that catalogue that have
long (>40 ks) observations, have a fractional excess variance above
zero at the >2σ confidence level (Ponti et al. 2012), and have
published black hole mass estimates. In their sample of 32 sources,
15 sources showed a soft lag with significance >97 per cent. They
also found that the amplitude of the lag scaled with black hole mass.
Converting the amplitude of the soft lag to a light-travel distance
placed the corona at a height of between 1 and 10 rg for all 15
sources (where rg = GM/c2).
Robust confirmation of the interpretation of high-frequency soft
lags came with the discovery of iron K reverberation in the very
bright Seyfert, NGC 4151 (Zoghbi et al. 2012). In that work, the
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authors presented the energy-resolved time lags, and found that the
continuum-dominated band varied before the line centroid. More-
over, by examining the more rapid variability (presumably produced
from emission closer to the black hole), they found a shorter time de-
lay between the continuum and the gravitationally redshifted wing
of the iron line. Iron K reverberation (defined as the delay of the iron
line centroid emission with respect to continuum-dominated bands)
has been found now in several sources (Kara et al. 2013b; Zoghbi
et al. 2013), and most recently it has been found associated with the
frequency of quasi-periodic oscillations in MS22549−3712 (Alston
et al. 2015).
In Kara et al. (2013c) for the cases of Ark 564 and Mrk 335,
we found that the high-frequency variability showed iron K re-
verberation, while the low-frequency variability showed the time
delay increasing steadily with energy. This low-frequency hard lag
has been observed for several decades, beginning with the discov-
ery of hard lags in the BHB Cyg X-1 (Miyamoto et al. 1988) and
later in the AGN NGC 7469 (Papadakis, Nandra & Kazanas 2001).
Low-frequency X-ray lags (and low-frequency X-ray variability, in
general) are observed over many decades in time-scale, including
time-scales that are orders of magnitude longer than the viscous
time-scale of the inner accretion flow. Lyubarskii (1997) proposed
that the variability originates at a range of radii through fluctuations
in the efficiency of the angular momentum transport, which in turn
varies the mass accretion rate. These fluctuations occur at a range of
radii (and therefore a range of time-scales) and propagate inwards
on the viscous diffusion time-scale. Kotov, Churazov & Gilfanov
(2001) and later Are´valo & Uttley (2006) extended this idea fur-
ther to explain the time lags in the X-ray emission. These authors
suggested that if these long time-scale fluctuations modulate an in-
homogeneous X-ray emitting corona that produces a softer X-ray
spectrum at large radii and a harder spectrum at small radii, then
these inwardly propagating fluctuations would cause the soft pho-
tons to respond first before the hard photons. Within the theory of
propagating fluctuations, there is no prediction for high-frequency
soft band lags, and therefore the idea of a separate mechanism (re-
verberation) producing the high-frequency lags is consistent with
the overall picture.
While low-frequency hard lags appear to be common in most
sources with high-frequency soft lags (see e.g. De Marco et al.
2013), there are hints in some sources that a low-frequency soft
lag can exist. Alston, Vaughan & Uttley (2013) showed for NGC
4051, that during high-flux intervals of the observation, the typical
low-frequency hard lag and high-frequency soft lag was present.
However, the low-flux segments of the observation showed that the
low-frequency hard lag disappeared, and became a low-frequency
soft lag. Another example of a low-frequency soft lag is in NGC
1365, which is a source that is known to have complex absorbers
that can eclipse the intrinsic emission from the nucleus. When the
source was in a largely unobscured state, we found clear evidence for
a high-frequency iron K lag (and possibly even the Compton hump
lag; Kara et al. 2015). However, at low frequencies, the soft band
lagged behind the hard band. This low-frequency soft lag was only
present in this particular observation. In that work, we suggested
that the low-frequency soft lag was due to a decrease in the column
density of the distant absorber during the observation (i.e. from a
neutral cloud moving out of our line of sight). In this case, the
hard photons transmit first before the soft photons that can only
escape later, as the source becomes less obscured. We do not yet
understand these low-frequency soft lags, and there is no consensus
on whether these lags are due to fluctuations that are intrinsic to the
inner accretion flow or are caused by more distant material. One of
the goals of this paper is to understand how common this feature is,
and under what circumstance it occurs.
In this paper, we would like to explore three main questions:
(1) Is iron K reverberation common? (2) How ubiquitous is the
low-frequency hard lag? and (3) How many sources show signs
of low-frequency soft lags? To answer these questions, we have
performed a global look at the lag-energy spectra of all variable,
well-observed sources in the XMM–Newton catalogue. This paper
is organized as follows: in Section 2, we present the sample used for
this study. In Section 3, we briefly describe the data reduction and
the Fourier analysis method. In Section 4, we show results of the
lag-frequency and frequency-dependent lag-energy spectra for the
sample. In the discussion in Section 5, we will discuss the results
in the context of our three main questions.
2 T H E S A M P L E
In this systematic look at the X-ray time lags in Seyfert galaxies,
we analyse archival observations taken with the XMM–Newton ob-
servatory that are public as of 2015 January 1. This study is largely
motivated by X-ray reverberation, but we are also interested in
the ubiquity of the low-frequency lags and the possible effect of
absorption on the lags, so the search is not limited to just ‘bare’
(unobscured) Seyfert 1s, but rather is extended to all Seyferts, even
those that have known neutral absorption.
The only cuts made are in the length of the observation (they
must have longer than 40 ks exposure) and in the variability. In
order to measure a lag, sources must have some variability, and so
we make a cut based on the 0.3–10 keV unbinned periodogram. We
used the results of Gonza´lez-Martı´n & Vaughan (2012) where the
authors present the periodograms of 104 AGN observed with XMM–
Newton. We require that the lowest frequency bin (of the unbinned
periodogram) have power that is at least two orders of magnitude
above the level of the Poisson noise. We also require that at least five
frequency bins have variability power above Poisson noise. This is
a conservative cut that ensures that there are some features in the
light curves, rather than just a constant flux, or a flux that increases
or decreases steadily over the length of the observation. These cuts
allow us to capture a general picture of the time lags in many
sources, even those that are not highly variable. We calculate the
average time lags for a particular source based on all observations
that individually fit the criteria described above.
With these cuts our final sample consists of 43 Seyfert galaxies
with varying flux, exposures and variability powers (see Table 1). In
Fig. 1, we plot the sample in the rms-counts plane (the distinction
between filled markers and open circles will be discussed later). We
calculate the 2–10 keV fractional excess variance on 40 ks segments
and 512 s time bins, using the prescription in Vaughan, Fabian &
Nandra (2003). We plot this versus the total 2–10 keV counts (i.e.
combining information on the exposure and the flux of the source).
The resulting rms-counts plane shows the cases with the highest
quality data in the top-right portion of the plot. Many sources in the
XMM–Newton catalogue lie on the bottom-left portion of the plot,
but those sources have not been included in our sample because of
their lack of variability and source counts.
While the rms-counts plane is a good indicator for the statistical
favourability of a source, there are some biases in this plot. The
value of the fractional excess variance is largely dependent on the
frequency at which a source becomes dominated by Poisson noise.
Therefore, higher mass objects, which become dominated by Pois-
son noise at lower frequencies and show much of their variability
on time-scales longer than 40 ks, will have lower fractional excess
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Table 1. Table of the 43 sources in this sample, including the name of the source, black hole mass, the reference on the black hole
mass, the 2–10 keV fractional excess variance on 40 ks segments, the total 2–10 keV counts included in the analysis, and the total
exposure length in seconds. To give some indication of whether sources are obscured or not, we note with an asterisk the sources
that are not in the CAIXA catalogue (Bianchi et al. 2009), which only contains unobscured sources with NH < 2 × 1022 cm−2. Note
that PG 1244+026, NGC 4748 and SWIFT J2127.4+5654 are not in CAIXA because they were observed after this publication.
We used estimates of black hole masses that were made independently of the X-ray properties. For the black hole mass references,
‘R’ means optical reverberation mass estimate (see text), ‘P’ means the mass was taken from the optical measurements in Ponti
et al. (2012, in order to have an estimate that was independent of the X-ray variability properties). ‘G’ refers to mass estimates from
Gonza´lez-Martı´n & Vaughan (2012). The numbered references refer to specific papers: (1) Bian & Zhao (2003); (2) Agı´s-Gonza´lez
et al. (2014); (3) Iwasawa et al. (2016); (4) Oliva et al. (1995); (5) Alston et al. (2015); (6) Schulz, Knake & Schmidt-Kaler (1994);
(7) Marconi et al. (2008); (8) Papadakis, Kazanas & Akylas (2005); (9) Alston et al. (2014); (10) Malizia et al. (2008).
Name Seyfert type log(mass) (log(M)) Reference Fvar Total counts Exposure (s)
1H 0707−495 1 6.31 1 0.527 1.44E+05 1.07E+06
Ark 564 1 6.27 P 0.213 1.61E+06 5.76E+05
ESO 113-G010 1.8 6.74 P 0.159 3.77E+04 8.91E+04
ESO 362-G18∗ 1.5 7.65 2 0.131 7.06E+04 6.07E+04
ESO 511-G030 1 8.66 P 0.050 3.04E+05 1.16E+05
IC 4329A 1.2 8.3 G 0.028 1.63E+06 1.33E+05
IRAS 05078+1626 1.5 7.55 P 0.063 1.81E+05 5.84E+04
IRAS 13224-3809 1 6.8 G 0.612 4.25E+04 5.04E+05
IRAS 13349+2438 1 7.7 G 0.211 5.56E+04 1.40E+05
IRAS 17020+4544 1 6.54 P 0.156 1.46E+05 1.63E+05
IRAS 18325-5926∗ 2 6.4 3 0.215 8.43E+05 3.33E+05
IZW1 1 7.4 G 0.150 6.06E+04 8.50E+04
MCG-02-14-009 1 7.13 P 0.126 7.15E+04 1.25E+05
MCG-5-23-16 1.9 7.92 5 0.074 4.80E+06 3.77E+05
MCG-6-30-15 1 6.3 P 0.212 3.77E+06 6.99E+05
Mrk 1040 1 7.6 G 0.081 3.13E+05 8.86E+04
Mrk 205 1 8.32 P 0.075 1.82E+05 1.33E+05
Mrk 335 1 7.23 R 0.177 4.28E+05 3.18E+05
Mrk 586 1 7.6 G 0.248 1.25E+04 4.84E+04
Mrk 704 1.2 8.11 P 0.248 1.25E+04 4.84E+04
Mrk 766 1 6.822 R 0.228 1.19E+06 5.90E+05
Mrk 841 1.5 8.52 P 0.142 5.73E+04 4.68E+04
MS22549−3712 1.5 7 5 0.100 1.00E+05 1.00E+05
NGC 1365∗ 1.8 7.6 G 0.234 8.70E+05 9.48E+05
NGC 3227 1.5 6.775 R 0.096 4.23E+05 1.03E+05
NGC 3516 1.5 7.395 R 0.088 1.79E+06 4.65E+05
NGC 3783 1.5 7.371 R 0.066 1.18E+06 1.98E+05
NGC 4051 1 6.13 R 0.400 2.00E+05 2.00E+05
NGC 4151 1.5 7.65 R 0.077 7.93E+05 1.45E+05
NGC 4395 1.8 5.449 R 0.392 5.67E+04 9.83E+04
NGC 4593 1 6.882 R 0.172 4.06E+05 7.60E+04
NGC 4748 1 6.407 R 0.161 7.93E+04 6.53E+04
NGC 5506∗ 1.9 7.4 G 0.097 2.03E+06 1.79E+05
NGC 5548 2 7.718 R 0.039 5.01E+05 9.55E+04
NGC 6860 1.5 7.6 G 0.070 3.39E+05 1.20E+05
NGC 7314 2 6.7 6 0.223 8.65E+05 3.53E+05
NGC 7469 1.5 6.956 R 0.078 6.39E+05 1.63E+05
PG 1211+143 1 7.61 P 0.118 9.22E+04 1.85E+05
PG 1244+026 1 7.26 7 0.190 5.71E+04 1.26E+05
PKS 0558−504 1 7.8 8 0.154 1.15E+06 6.25E+05
RE J1034+398 1 6.6 9 0.170 4.00E+05 4.00E+05
RX J0136.9−3510 1 7.9 G 0.315 6.12E+03 5.35E+04
SWIFT J2127.4+5654 1 7.18 10 0.137 1.48E+06 4.66E+05
variances. This has been shown clearly through the well-known
relation between rms and black hole mass (e.g. Ponti et al. 2012;
Ludlam et al. 2015). This relation shows that with XMM–Newton
we are observationally biased to detecting lags in lower mass ob-
jects. We show the known rms-mass correlation for our sample
of 43 sources in Fig. 2 (again, the distinction between coloured
and open markers will be discussed in the following sections). For
this analysis, optical reverberation mass estimates were available
for 12 sources in our sample. They were collected from the public
web data base described in Bentz & Katz (2015) using the default
<f > value of 4.3 from Grier et al. (2013). The references for the
remaining black hole mass estimates are shown in Table 1. For all
sources without reverberation mass estimates, we make a conser-
vative estimate on the error of 0.5 dex. These were estimated with
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Figure 1. The 2–10 keV fractional excess variance versus the 2–10 keV
total counts for all the sources in our sample (43 sources). The sources in
the top-right portion have statistically the best data (i.e. highest level of
variability, highest count rate and longest exposures). Many sources in the
XMM–Newton archive exist in the bottom-left portion of the plot, but these
sources did not meet our selection criteria. The magenta hexagons show the
13 sources with previously published iron K reverberation lags. The cyan
squares show the eight sources found through this work to have iron K
reverberation at >97 per cent confidence (see text for more on measurement
of statistical significance). The rest are shown as open circles. 20 out of 43
(or roughly half) of the sources in our sample show reverberation.
various techniques, mostly the RBLR–L relation (e.g. Kaspi et al.
2000; Bentz et al. 2013) or the velocity dispersion.
Another slight bias in the rms-counts plane is due to neutral
absorption, which causes less flux and variability in the soft band
(primarily below 2 keV). The sources that are partially covered by
absorbing matter may not be useful for reverberation studies below
2 keV, but at high energies may reveal clear iron K reverberation (e.g.
NGC 4151 or NGC 1365). We try to minimize this effect by plotting
the 2–10 keV counts and excess variance; however, some heavily
absorbed sources may not appear close to the top-right corner in the
rms-counts plane, but can still be used for reverberation.
In Section 4, we present the results of the time lag analysis for the
43 sources, but first we describe the data reduction and the Fourier
method used to calculate the frequency-dependent time lags.
3 O B S E RVAT I O N S A N D M E T H O D
3.1 Data reduction
For this analysis, we use the data from the XMM–Newton EPIC-
pn camera because of its higher effective area and fast readout
(Jansen et al. 2001; Stru¨der et al. 2001). We reduced the data using
the XMM–Newton Science Analysis System (SAS v. 14.0.0) and
the newest calibration files. We started with the observation data
files and followed the standard procedures. The events were filtered
with the conditions PATTERN≤ 4 and FLAG==0. The data were
cleaned for high background flares (in which the background source
counts were greater than half the source counts of that particular
Figure 2. The 2–10 keV fractional excess variance versus black hole mass
relation for our sample of 43 sources. The blue octagons show the sources
that have a hard lag that increase log-linearly with energy and do not show
signs of iron K reverberation at low frequencies (29 sources). The magenta
hexagons represent sources where an iron K lag is seen at the lowest fre-
quencies that we can probe. Since we cannot probe lower frequencies, we
cannot determine if these sources also have hard lags at lower frequencies
(eight sources). If we do not count these eight sources, then we find that a
hard lag is found at the lowest frequencies in 29/35 sources (or 83 per cent of
sources). The sources in our sample that do not show either iron K reverber-
ation or hard lags at low-frequencies are shown as the unfilled circles. These
sources are named in the text. We emphasize that there are four sources
which show the curious behaviour in which there is a hard lag that increases
with energy, but at lower frequencies, this hard lag disappears or turns over
to a soft lag. These four sources are MCG-6-30-15, NGC 3227, Mrk 1040
and Mrk 205.
observation). The source extraction regions are circular regions of
radius 35 arcsec centred on the maximum source emission. The
background regions were also circular regions with a radius of at
least 35 arcsec. For observations taken insmall window mode, this is
the largest possible background region, but for observations taken
in large window mode or full frame mode, we were able to use
larger background regions. We used the tool EPICLCCORR to produce
background subtracted light curves in several energy bands. We
perform the analysis on the full light curve (i.e. not on shorter
segments), so that we can reach the lowest frequencies possible.
3.2 The Fourier method
To compute the time lags, we used the Fourier technique outlined in
Nowak et al. (1999), and presented in detail in Uttley et al. (2014).
Briefly, we take the Fourier transform of the light curves in two
different energy bands. We multiply the Fourier transform of one
light curve and the complex conjugate of the Fourier transform of
the other light curve. This complex-numbered product is called the
cross-spectrum. We bin the cross-spectrum in equal logarithmic fre-
quency bins in order to minimize the random scatter from individual
frequencies and to visualize broader trends in the lags. The number
of frequency bins is dictated by the quality of the data (i.e. more
bins for higher quality data). The general rule of thumb is that the
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Figure 3. An example of the results of this analysis for the case of Ark 564. Similar plots for each source in Table 1 can be found in the appendix. The
leftmost panel (a) shows the unfolded time-integrated fluxed energy spectrum of each observation that was included in the analysis. The next panel (b) shows
the lag-frequency spectrum between the soft band (0.3–1 keV) and hard band (1–4 keV). The blue and red arrows refer to the frequency at which the PSD
of the lowest and highest energy bin (in the lag-energy spectra) become dominated by Poisson noise. The panels on the right (c,d) show the lag-energy
spectra at particular frequencies. The frequencies are determined by the lag-frequency spectra. In the case of Ark 564, the frequencies used in panel (c) were
selected because this is where a hard (positive) lag is observed, and the frequencies in panel (d) were selected based on where there is a soft (negative) lag
in the lag-frequency spectrum. The symbols in the corners of the lag-energy spectra indicate generally what category they fall into: magenta hexagon =
previously published iron K reverberation; cyan square = iron K reverberation found through this work; blue circle = low-frequency hard lag; red diamond =
low-frequency soft lag.
lags in adjacent frequency bins should be ∼1σ of each other. The
minimum frequency is defined by the inverse of the length of the
observation (though we do not include the lowest frequency bin
as this is often biased by red noise leakage), and the maximum
frequency is set by the frequency at which the 0.3–10 keV Power
Spectral Density (PSD) becomes dominated by Poisson noise. If
there are multiple observations that fit our sample criteria, we take
the average of the binned cross-spectrum. The argument of the
cross-spectrum is the phase lag between the two light curves. The
time lag, τ (f ) = φ(f )/2πf , where φ(f) is the frequency-dependent
phase and f is the mid-point frequency of the frequency bin. For this
analysis, the lag-frequency spectrum is always computed between
0.3–1 keV and 1–4 keV, unless the source was not variable in the soft
band to measure a lag. In this case, we measure the lag-frequency
spectrum between 2–4 keV and 4–7 keV.
The lag-energy spectra are computed with the same technique,
except this time, the lag is computed at a particular frequency range
between a narrow band-of-interest and a large reference band. To
obtain the best signal to noise, we choose the reference band to
be the entire 0.3–10 keV band, and remove the band-of-interest so
that the noise is not correlated. Again, the number of fine energy
bins is dictated by the quality of the data. We aim for roughly equal
logarithmic bins, though this is not always possible as many sources
have a clear energy dependence to their variability. For example,
sources that are heavily absorbed will require few energy bins at
low energies, but will permit finer energy binning at high energies,
where there is more variability. Or, if a source spectrum is very steep,
there will be many more photons at low energies, and therefore finer
energy binning can be used at lower energies. We aim to bin such
that the errors on the lag are roughly equivalent in each energy bin.
See the methods section of the review by Uttley et al. (2014) for
more details on the Fourier time lag analysis.
4 R ESU LTS
4.1 The lag-frequency and lag-energy spectra
The time lags for all sources are shown in Fig. A1 in the appendix,
though we show one of the best examples of Ark 564 in Fig 3. The
time-integrated fluxed energy spectra are shown for each individual
observation in the leftmost column. The time-integrated energy
spectra for each individual observation are shown so the reader
can see how many observations were used, can assess how bright
the source is, and see the general shape of the spectrum (without
doing any explicit modelling of the source). We plot fluxed spectra
(i.e. unfolded spectra with respect to a power-law with index 0 and
normalization 1, which is equivalent to dividing by the effective area
only see Vaughan et al. 2011). For this study we average over all
observations to obtain a general picture of the time lags. For most
sources, separate observations exhibit stationarity, however there
are some cases where reverberation was only found in particular
observations (e.g. when the source is largely unobscured or when
the source is strongly reflection dominated). Those sources require
more detailed analysis, but that is beyond the scope of this work.
The next panel (left-middle) of Fig. 3 shows the lag-frequency
spectrum between 0.3–1 keV and 1–4 keV, which are typically
the bands dominated by the soft excess and continuum, respec-
tively. These two bands have been very successful in revealing
high-frequency reverberation (e.g. Fabian et al. 2009, Cackett et al.
2013 and De Marco et al. 2013). While these may not be the ideal
bands for some sources (as the energy of the continuum and soft
excess are not necessarily the same for all sources), we chose to
use the same bands for all sources in order to have consistency
throughout the sample. There are a few sources (e.g. MCG-5-23-
16, NGC 7314) where it is not possible to measure a significant lag
between the soft and the hard bands because the soft band is not
highly variable. These are usually cases where there is strong neu-
tral absorption along our line of sight. In these cases, we measured
the lag between the more variable hard bands (between 2–4 keV
and 4–7 keV). The sources where this was required are indicated by
two asterisks (**) in the figures. The analysis in the 2–4 keV and
4–7 keV bands reveals the frequency at which there is a time lag,
however, it does not easily distinguish the low-frequency continuum
lag from the reverberation lag at high frequencies because in this
projection, both continuum and reverberation lags will be seen as
positive, hard lags.
The panels on the right show the lag-energy spectra. The fre-
quency ranges for the lag-energy spectra were chosen based on
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Table 2. On the left, we show sources that have published iron K lag results, their references, amplitudes of the iron K lag (i.e. the lag between 3–4 keV and
5–7 keV), and bolometric luminosities. On the right, we present new sources where there are hints of iron K reverberation. C.I. per cent-A and C.I. per cent-B
show the significance of the observed lag-energy spectra to two different null hypotheses (see text and Fig. 4 for information on null hypothesis models).
Sources must pass both tests with >97 per cent confidence to be considered ‘detections’ of iron K reverberation.
Published iron K lags iron K lags (this work)
Name Reference Amplitude log(Lbol) Name C.I. per cent-A C.I. per cent-B Amplitude log(Lbol)
NGC 4151 Zoghbi et al. (2012) 880 ± 360 44.01 NGC 5506 >99.999 >98.5 398 ± 252 44.22
1H 0707−495 Kara et al. (2013a) 47 ± 16 44.43 NGC 7469 >99.7 >99.99 1848 ± 1451 45.10
IRAS 13224-3809 Kara et al. (2013b) 299 ± 135 45.74 IC 4329A >99.99 >97 696 ± 331 44.92
MCG-5-23-16 Zoghbi et al. (2013) 1037 ± 455 44.30 IRAS 13349 >80 >78 <370 45.72
NGC 7314 Zoghbi et al. (2013) 77 ± 31a 42.98 IRAS 17020 <68b >97.5 128 ± 88 44.74
Ark 564 Kara et al. (2013c) 92 ± 65 44.36 IRAS 18325 >99.99 >82 <153 44.48
Mrk 335 Kara et al. (2013c) 193 ± 98 45.10 NGC 3783 >99.9 >99 172 ± 62 44.28
PG 1244+026 Kara et al. (2014a) 726 ± 306 44.62 NGC 6860 >99c >75 398 ± 252 43.71
SWIFT J2127 Marinucci et al. (2014) 408 ± 127 44.55 PG 1211+143 >90 >70 1179 ± 980 46.17
NGC 1365 Kara et al. (2015) 500 ± 120 43.99 NGC 5548 <68 >97.5 311 ± 109 44.79
MS 22549−3712 Alston et al. (2015) 1500 ± 850 45.09 ESO 362-G18 >99 >99 1562 ± 606 44.11
RE J1034+396 Markevicˇiu¯te˙ et al. (in preparation) 450 ± 200 44.52
NGC 4051 Alston et al. (in preparation) 90 ± 30 43.26
Notes. aNGC 7314 is the only source where we used a different value from the literature. Since Zoghbi et al. (2013), an additional observation of NGC7314
has been taken, revealing a smaller amplitude iron K lag. As these are both detections of an iron K lag, we took the average from all observations.
bFor the case of IRAS 17020+4544, the continuum appears to be at 0.7–2 keV, rather than from 1–3 keV. If instead we fit the null hypothesis from 0.7–2 keV
for this source, we obtain a confidence of >99 per cent.
cFor NGC 6860, the null hypothesis from fitting the 1–3 keV continuum yields a significance of >8σ , which is clearly too high given the data quality. If,
instead, we force the null hypothesis to have a slope of 1, then the significance becomes >99 per cent, which is more satisfactory.
the lag-frequency spectra. This minimizes the bias associated with
hand-picking the frequency at which one finds an iron K lag.
For some sources, the frequency range of the low-frequency lag
is clearly distinguished from the high-frequency reverberation lag
(e.g. 1H 0707−495, Ark 564). In other sources it was only possible
to look at the lags in one frequency band, either because the statis-
tics were poor and we needed to average over a wide frequency
range, or because there was only evidence for one process dominat-
ing the lags (i.e. the lag-energy spectra did not change shape for the
entire available frequency range). The blue and red arrows in the
lag-frequency spectra show the frequency at which the softest and
hardest bands of the lag-energy spectra become dominated by Pois-
son noise. Often the frequency at which the hardest band became
dominated by Poisson noise (as indicated by the red arrow) dictated
the upper bound of the high-frequency lag-energy spectrum. This
is a conservative approach, as the cross-spectrum picks out corre-
lated variability between the reference band and the bin of interest,
even if the power of the bin of interest is dominated by Poisson
noise. These prescriptions allowed for us to look at the lags in a
large number of sources. It is not necessarily the ideal frequency
or energy binning for each individual source, but it does allow for
some consistency between sources.
4.2 Characterizing the lags
To guide the reader, the low- and high-frequency lag-energy spectra
for each source are marked with coloured markers to indicate what
rough category they appear to fit into. magenta hexagons indicate
sources with iron K reverberation that have been previously pub-
lished. Cyan squares indicate sources with new evidence for iron K
reverberation found from this study at varying levels of significance.
Blue circles indicate the low-frequency hard lag, and red diamonds
indicate low-frequency soft lags that are not obviously associated
with reverberation (i.e. have no indication of iron K reverberation).
A few lag-energy spectra do not fit into any category, for example,
the high-frequency lag-energy spectrum of Mrk 766 and the low-
and high-frequency lag-energy spectra of ESO 113-G010, NGC
3516 and NGC 4395.
There are currently 13 sources with published iron K reverbera-
tion lags (see Table 2 for more detail and references). These sources
all show a clear drop in the lags above the iron line at ∼7.5 keV.
It is important to emphasize that some of the published results
on iron K reverberation were from specific observations, and not
from all available observations, as is shown in this large sample.
For example, NGC 1365 and NGC 4151 are sources that show
clear neutral absorption. Iron K reverberation was found only in
observations taken when the source was largely unobscured. For
IRAS 13224−3809 and NGC 4051, iron K reverberation was only
found when these sources were in a low-flux state. Therefore, the
lags from this large sample do not necessarily present the best re-
verberation results, rather they show the average time lags from
all available observations. Several of the sources in this sample
require a more detailed analysis, but this is beyond the scope of
this paper.
11 other sources in our sample show hints of reverberation, in
that the lag-energy spectrum peaks at around 6–7 keV, the line
centroid of the iron K emission line. For these sources, we assess
the significance of this iron K feature based on a simple χ2 goodness
of fit comparison to a simple log-linear model null hypothesis. For
the reverberation signature, we want to know: does this lag-energy
spectrum differ significantly from either zero lag at all energies
or from a featureless change in the lag with energy. In particular,
with reverberation, we expect the reflection feature to show some
deviation from the lags in the continuum band. Therefore, we fit
a simple log-linear model to the 1–3 keV continuum dominated
band (i.e. y = a + blog(x)). We extrapolate this simple model to the
3–10 keV, and calculate the χ2 in the 3–10 keV band. The 1–3 keV
band is a sensible choice for the null hypothesis model because (1)
it is the band dominated by the direct power-law emission and (2)
it is the band at the peak of the XMM–Newton effective area, and
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Figure 4. An example of the technique for measuring the significance of
the iron K lag for the case of partially obscured Seyfert 1.9 galaxy, NGC
5506. Here we show the high-frequency lag-energy spectrum of the source
(see appendix for the low-frequency lag-energy spectrum, which shows a
featureless increase with energy above 2 keV). The red solid line shows the
null hypothesis fit in the 1–3 keV band and extrapolated to the 3–10 keV
band. The dashed red contours show the 1σ spread in lags from Monte Carlo
simulations (see text for details). The simulations confirm that the data differ
from the null hypothesis model at >99.999 per cent confidence. We also
provide a second statistical test in which the null hypothesis is a log-linear
fit to the entire 0.3–10 keV band (blue dashed line). We require that a source
pass both tests at >97 per cent confidence to be considered a ‘detection’ of
iron K reverberation.
therefore the error bars on the lag are relatively small in this band.
For sources that have 1 or 2 energy bins in the 1–3 keV band (NGC
5506, NGC 3783, IRAS 13349+2438), the null hypothesis assumed
is a flat line with a slope of 0, indicating zero lag in the continuum
band. The confidence levels determined from a χ2 distribution are
shown in column C.I. per cent-A in Table 2.
We show an example of this statistical test for the case of NGC
5506 in Fig. 4. Here we show the high-frequency lag-energy spec-
trum, which shows evidence for an iron K lag. We fit the 1–3 keV
continuum dominated band with a flat line (because the 1–3 keV
band consists of only two bins), and extrapolate it up to 3–10 keV
iron line band. This null hypothesis model is shown as the red solid
line. Then the χ2 is calculated between the null hypothesis and the
bins in the 3–10 keV band. In this example, we have also confirmed
the χ2 approach with Monte Carlo simulations. The red dashed
lines show the 1σ spread in lag from 1000 Monte Carlo light curve
pairs in each energy band. We use the method described in Timmer
& Koenig (1995) to produce Monte Carlo light curves based on
the observed PSD in each energy band. The simulated light curves
are scaled to the mean and variance of the observed light curves.
Our simulations show that the observed lags differ from the null
hypothesis at >99.999 per cent confidence (as the χ2 analysis also
showed). The simulations also confirm that the 1σ error bars that
we calculated using the method in Nowak & Vaughan (1996) are
the same as those determined from a Monte Carlo analysis (see also
Uttley et al. 2014 and De Marco et al. 2013).
As another statistical check, we tested how much the observed
lag-energy spectrum differs from a simple log-linear model fit to the
entire 0.3–10 keV band. An example of this test for the case of NGC
5506 is shown as the blue dotted line in Fig. 4, and the confidence
levels determined from the fit are shown in C.I. per cent-B in Table 2.
We consider sources to have ‘detections’ of iron K reverberation if
they pass both statistical tests at >97 per cent confidence. There are
seven sources that meet this criterion.
While these statistical tests and the Monte Carlo simulations
confirm our error bar size and the presence of some structure in
the lag-energy spectra, there are some difficulties in measuring the
significance of specifically the iron K in the lag-energy spectra.
The biggest source of systematic uncertainty is in our choice of the
null hypothesis. We do not yet have a model to describe the high
frequency lags from the continuum alone, and therefore it is difficult
to find a model to compare against the iron K feature. A small source
of error also arises from our choice of the χ2 statistic, which assumes
that all data points are independent. The lags are measured to a
common broad reference band with the bin of interest removed, and
therefore technically, there is some common denominator between
all points. However, the error on each bin of interest is dominated
by the noise in this narrow bin and not by the common broad
reference band. Therefore the error associated with correlated data
points is minimal, especially compared to the larger systematic
uncertainty in the null hypothesis. Overall, we present the reader
with the probability against these null hypotheses as an aid, but
we emphasize the importance of considering the lags in the larger
context. The fact that these iron K lag features peak at 6–7 keV, are
commonly accompanied by a soft excess lag of a similar amplitude,
and the fact that the lag-energy spectra at lower frequencies show a
featureless increase with energy, all support the detection of iron K
reverberation.
In Fig. 1 we fill in the rms-counts plane with sources that show
iron K reverberation (either from previously published works, in
magenta hexagons, or from this work, in cyan squares). One can
see that most of the sources in the top-right and portion of the
plot (i.e. statistically the ‘best’ sources) have been studied in detail
in previous work. Through this large sample, we are filling more
sources reaching to the lower-left portion of the plot. 20/43 sources
show reverberation (or about half), but we emphasize that in some
previous work, reverberation was only found in particular flux states
(e.g. Zoghbi et al. 2012; Alston et al. 2013; Kara et al. 2013b), and
therefore it is possible that other sources have reverberation that
was not revealed through our more general study.
Some sources in the top-right portion of the plot do not show
clear signs of reverberation, despite their statistical favourability.
We have labelled a few of these sources, including most notably
MCG-6-30-15 and Mrk 766. We performed a detailed study of the
lags in MCG-6-30-15 (Kara et al. 2014b), and found that while
the source showed a low-frequency hard lag that increased steadily
with energy, there was only very weak evidence for an iron K
lag. A comparison of the time-integrated energy spectrum and the
covariance spectrum (i.e. the spectrum of the correlated variabil-
ity at a particular frequency, a.k.a. the spectrum of the emission
that contributes to the lag-energy spectrum) showed that while a
broad iron K line was present in the spectrum, it was not varying
in a correlated way with the continuum emission. If the reflection
spectrum is not varying with the continuum, no lag will be de-
tected. Detailed follow-up using other spectral-timing measures is
required to understand if this effect is present in other sources, as
well.
Most of the sources show hard lags that increase steadily with
energy up to 10 keV. 29/43 (∼70 per cent) sources visually show
low-frequency hard lags, where there is a log-linear increase in the
lags from 2–10 keV. We indicate these lag-energy spectra with blue
circle markers in the appendix. The sources with low-frequency
hard lags are shown in blue in Fig. 2 on the rms–mass relation.
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Of the remaining 14 without clear low-frequency hard lags,
eight sources show lag-energy spectra that suggest that an iron
K lag is present at low frequencies (MCG-5-23-16, NGC 7314, PG
1244+026, IC 4329A, PG 1211+143, SWIFT J2127.4+5654, NGC
4151 and ESO 362-G18; shown as magenta hexagons in Fig. 2).
Most of these sources have a higher black hole mass, meaning
that the reverberation lag occurs at lower frequencies. The remain-
ing six sources (shown as unfilled circles in Fig. 2) do not show
low-frequency hard lags and do not show any evidence for re-
verberation in the form of a low-frequency iron K lag. These in-
clude NGC 1365, NGC 3516, NGC 4395, ESO 113-G010, Mrk
586 and Mrk 841. For the case of NGC 1365, where we see high-
frequency reverberation in addition to a low-frequency soft lag, in
Kara et al. (2015) we interpreted the low-frequency lag as due to
variable neutral absorption. A more detailed look at these six sources
is required to ascertain whether absorption is affecting their low-
frequency lags or if these sources harbour high-mass black holes
(∼108 M or greater), but the quality of the data is not high enough
to detect reverberation. Several of these sources show complex and
variable absorption, and do not have a particularly large black hole
mass (e.g. NGC 3516 and NGC 4395).
Curiously, four sources show the unexplained behaviour of the
featureless hard lag that disappears at the lowest frequencies. This
was first seen in MCG-6-30-15 (Kara et al. 2014b), and we see
similar behaviour in NGC 3227, Mrk 205 and Mrk 1040.
Finally, 21 of 29 with low-frequency hard lags show a different
shape at high frequencies. While it is not always clear if this shape
indicates reverberation, it is clear that there is a change from low to
high frequencies.
In summary:
(i) 13 sources have published iron K reverberation results. Now,
including the seven new sources with iron K reverberation with
>97 per cent confidence, we find reverberation in 20/43 sources or
∼50 per cent of sources.
(ii) The low-frequency hard lag (commonly interpreted as prop-
agation lags) is common in 29/35 sources (excluding sources that
show reverberation down to the lowest frequencies probed). This is
83 per cent of sources.
(iii) There are six sources in the sample that have low-frequency
lags that do not resemble the low-frequency propagation or rever-
beration. Further work is required to test if these lags are associated
with variable absorption on time-scale of tens of kiloseconds (Silva,
Uttley & Costantini 2016).
5 D ISC U SSION
5.1 Reverberation correlations with mass and mass accretion
rate
The time lag between the continuum and the reflected iron K emis-
sion is caused by the light-travel time between the corona and the
ionized accretion disc. Therefore, if all systems roughly have a
similar coronal geometry, we expect that the amplitude of the lag
will scale with black hole mass. This reverberation lag-mass scal-
ing relationship has been shown for the soft lags (De Marco et al.
2013), and for a few sources with iron K lags as well (Kara et al.
2013c). The scaling relation also extends to reverberation in black
hole binaries (De Marco et al. 2015).
In Fig. 5, we show the iron K lag-mass relation for the 13
sources with published iron K reverberation measurements in ma-
genta hexagons. The lag has been measured between the 3–4 keV
Figure 5. Iron K lag amplitude versus mass for sources with previously
detected iron K lags (magenta) and ones detected in this work (cyan). See
text for how amplitude of the lag was measured for all sources. The black
diagonal dot–dashed and dashed lines show the time delay at 1 and 9 rg. The
grey solid line indicates the best-fitting linear model (on a log–log plot),
and the grey dashed lines indicate the 1σ errors on the free parameters.
Sources with optical reverberation mass estimates are highlighted with black
outlines. We find a Spearman rank order coefficient, rs = 0.60 at a probability
of 0.0051. The correlation coefficient for just previously published iron K
lags (magenta hexagons) is 0.69 with a p-value of 0.0098.
band and the 5–7 keV band. We use the results from the litera-
ture because the results on these individual sources are likely to
be the most complete analysis performed. We use mass estimates
from the literature, as discussed in Section 2. Only four of the 20
sources in our sample have optical reverberation mass estimates.
For clarity, we do not plot the error on the mass, though the errors
are included when fitting the model. We use an orthogonal distance
regression fitting procedure to account for the error in both x and
y variables. For these sources with previously published iron K re-
sults, the Spearman rank order correlation coefficient is 0.69 with a
p-value of 0.0098.
This study has allowed us to detect iron K reverberation in a
larger sample of sources. The cyan squares in Fig. 5 show the new
reverberation measurements (greater than 97 per cent confidence
level) found through this analysis. Some of these sources have
lower signal-to-noise reverberation signatures. For these sources, it
is not always possible to measure the lag between the 3–4 keV bin
and the 5–7 keV bin, due to the large energy bins required for the
lower quality data. Instead, we calculated the difference between the
bins with the smallest and largest lags in the 2–7 keV band. With
this study, we are filling out the higher mass end of the relation,
where reverberation is typically more difficult to measure. For all
20 sources with detected iron K lags, we find a Spearman rank order
correlation coefficient of 0.60 with a p-value of 0.0051. The grey
solid line shows the best-fitting linear model (in log–log space) to
all 20 sources, and the dashed lines show the 1σ errors on slope
and y-intercept. The four sources with optical reverberation mass
estimates do not show a stronger correlation than other sources,
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Figure 6. The temporal frequency at which the iron K lag is measured
versus mass for sources with previously detected iron K lags (magenta) and
ones detected in this work (cyan). The grey solid line indicates the best-
fitting linear model (on a log–log plot), and the grey dashed lines indicate
the 1σ errors on the free parameters. Sources with optical reverberation
mass estimates are highlighted with black outlines. We find a Spearman
rank order coefficient, rs = −0.68 at a probability of 0.001. The correlation
coefficient for just previously published iron K lags is −0.74 with a p-value
of 0.0037.
which could indicate that the spread we observe is due to intrinsic
difference in the source/accretion disc geometry, rather than errors
in the mass estimates.
For completeness, the same analysis is shown in Fig. 6 for the
temporal frequency at which the iron K lag is found, and the black
hole mass. Similar results have been found for the frequency of
the soft lag in De Marco et al. (2013). As discussed earlier, the
frequency range of the iron K lag is determined by the frequency
at which there is a soft lag. The y-axis error bars in Fig. 6 shows
the frequency range, and the y-axis value is the mid-point of that
frequency range. The correlation coefficient is stronger for the
frequency–mass relation than for the lag–mass relation, which sug-
gests that it is better to use the frequency–mass relation when deter-
mining the black hole mass of an object using X-ray reverberation
mapping.
While the reverberation lag is caused by the light-travel distance
between the corona and the disc, we cannot simply convert the am-
plitude of the lag that we measure into a light-travel distance. This
is mostly because of dilution effects. Both the 3–4 keV band and the
5–7 keV band are composed of continuum and reflected emission.
As a simple example: if both bands were composed of 50 per cent
direct continuum and 50 per cent reflected emission, then we would
measure zero lag between the bands, regardless of the true light-
travel time delay between the corona and the disc. However, in the
reverberation cases we see here, the 3–4 keV band has a higher frac-
tion of continuum emission than the 5–7 keV band, which is why
we measure a lag between the bands. Dilution will always cause the
measured lag to be less than the true light-travel time delay between
the corona and the disc. Many effects, such as coronal geometry and
ionization parameter can affect the reflection fraction (and therefore
the amount of dilution), so it is important to account for these ef-
fects when converting the lag into a distance (Chainakun & Young
2015). While dilution is important, we note that independent spec-
tral modelling of some of these sources indicates that this effect is
usually not greater than a factor of 4 (e.g. Kara et al. 2015). For
this simple lag–mass relation, we have not accounted for dilution
effects because we wanted to show the model-independent results.
The diagonal lines show the mass-invariant distances in gravita-
tional radii for light-travel distances from a point source above the
disc irradiating a face-on accretion disc. All the sources lie within
10 rg, but we emphasize again that we have not corrected for dilu-
tion, and so these values do not reflect the true light-travel distance.
None the less, what is clear, is that the reverberation time delay
is short for all sources, suggesting a compact corona close to the
central black hole. Independent results from microlensing of distant
quasars also show that the X-ray emitting corona is compact (within
10 rg) compared to the larger optical emitting region (e.g. Chartas
et al. 2012).
There is clearly a large spread in this relation that we need to un-
derstand. Some of the spread will be because we have not modelled
the dilution in these sources, as discussed in the previous paragraph.
Some of the spread is likely physical. For example, some sources
may have very compact coronae at a height of 2 rg, while others
may be more extended and therefore the reverberation lag will be
longer. On the other hand, some source of the scatter is due to obser-
vational biases. The amplitude of the lag depends on the frequency
at which the lag was measured. The frequency range can be skewed
because it is dependent on the length and time resolution of our
data. Sources with higher mass have longer and slower reverbera-
tion signatures that may be too long for our observations to detect
(this is likely what is happening in the case of IC 4329A, which
shows a very short reverberation lag for its large 2 × 108 M/M
black hole). The way to disentangle these physical and observa-
tional forms of scatter is to model the reverberation (e.g. Cackett
et al. 2014; Emmanoulopoulos et al. 2014; Chainakun & Young
2015).
With this growing sample of sources, we can begin to examine
other possible reasons for the potential spread in coronal source
heights. In Fig. 7, we show the inferred coronal height (in units
of gravitational radius) versus Eddington ratio for the 20 reverber-
ation sources. The coronal height is calculated assuming that the
iron K lag amplitude is the light-travel time between a point source,
on-axis corona and a face-on disc. It does not account for dilution.
Again we caution the reader against taking the value in rg as the
actual source height, but it is a convenient way of thinking about
the reverberation lag without the dependence on mass. We look
for a possible correlation with Eddington ratio, which is also in-
dependent of mass. The Eddington ratio was calculated using the
bolometric luminosities calculated from the SEDs in Vasudevan &
Fabian (2007, 2009), Vasudevan et al. (2010) and Wang, Watarai
& Mineshige (2004). Where there were multiple estimates of Lbol,
we took the mean. There were no estimates of Lbol for SWIFT
J2127.4+5654, MCG-5-23-16, IRAS 18325−5926 or ESO 362-
G18, and so for those, we relied on estimates from Miniutti et al.
(2009), Beckmann et al. (2008), Iwasawa et al. (2016) and Agı´s-
Gonza´lez et al. (2014), respectively. The y-error bars show the error
associated with the lag amplitude and the x-error bars show the
spread in values for the bolometric luminosity. We do not include
the error associated with mass in either x or y variables. For sources
with only one estimation of the bolometric luminosity, we assume
an error of 0.2 dex when fitting the best-fitting linear model in
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Figure 7. The inferred coronal height in units of rg versus the Eddington
ratio for the sources with iron K reverberation detections in our sample. The
coronal height is simply calculated assuming that the iron K lag amplitude
(without dilution correction) is the light crossing time delay between a
point source corona and a face-on disc. Again, magenta hexagons refer to
sources with previously detected iron K lags, while cyan squares refer to new
reverberation sources from our sample. Sources with optical reverberation
mass estimates are highlighted with black outlines. The errors on both axes
do not include the error associated with mass (as both axes are computed
by dividing by the mass). The error in Eddington ratio is simply the range
of values found in the literature. Sources with only one estimate are shown
without error bars on this plot, but we included an error of 0.2 dex when
computing the best-fitting linear model (grey lines). The Spearman rank
order correlation coefficient is 0.61 with a p-value of 0.0042. For previously
published iron K lags (magenta), the correlation coefficient is lower: 0.43
with a p-value of 0.14. We note that we find no significant correlation
between rg and bolometric luminosity (see text for details).
log–log space (shown as the grey solid line). There is large scat-
ter in this plot, though there are hints that the higher mass accre-
tion rate sources have longer reverberation time delays. We find a
Spearman rank order correlation coefficient of 0.61 with a p-value
of 0.0042.
As both Eddington ratio and coronal height are computed by
dividing by the mass, a large error on the mass would shift the
points in both x and y variables, and could therefore produce a false
correlation. However, our mass estimates are known to within a
factor of a few, and therefore this is unlikely. We confirm this by
testing the correlation between rg and bolometric luminosity. We
find no correlation. The Spearman rank order correlation coefficient
is 0.33 at a probability of 0.16. This gives us confidence in the
correlation shown in Fig. 7.
Lastly, we ask: Are sources with non-detections of reverberation
consistent with these correlations? This can be a challenging ques-
tion to answer as there are different processes occurring at different
frequencies, and therefore we must be careful that we are looking
at the frequency range that contains reverberation (rather than, for
instance, the hard continuum lag). To account for this, we look for
sources that have low-frequency hard lags that go to zero at the
highest frequencies. Previous results (like those in Fig. 3) show
that the reverberation lag occurs at higher frequencies than the hard
lag, and because of this, we postulate that in these sources with
non-detections, reverberation would be at these high frequencies if
the data quality were high enough. There are 13 sources that show
clear hard lags at low frequencies, but do not show significant re-
verberation at high frequencies. Many of these sources show <1σ
soft lags at high frequencies. Using the frequency at which we see
this tentative soft lag, we calculate the lag between the 3–4 keV
band and the 5–7 keV band (as we did for the correlation in Fig. 5).
The upper limit then comes from the 1σ error on the lag measured
between 3–4 keV and 5–7 keV at the frequency where a tentative
soft lag is found. MCG-6-30-15 is the only source that shows a
low-frequency hard lag and a soft lag at high frequencies, but also
shows a significantly soft lag between the 3–4 keV and 5–7 keV
bands (thus inhibiting a measurement of the upper limit of an iron
K lag).
We show the iron K lag amplitude versus black hole mass (Fig. 5)
and the coronal source height versus Eddington ratio (Fig. 7) with
the upper limits from 13 sources in Fig. 8. The upper limits are
largely consistent with the correlations, perhaps with the exception
of NGC 3516 and PKS 0558−504. This may be suggesting that the
high-frequency variability in these sources is not associated with
reverberation. Alternatively, the lags in these two sources may be
relatively ‘small’ because they have low Eddington ratios. This is
perhaps suggested by the right-hand panel of Fig. 8. Both NGC
3516 and PKS 0558−504 are consistent with the trend of small lag
for low Eddington ratio objects.
It is possible that these 13 sources with non-detections would
contain iron K lags if we had high enough data quality, or it is
possible that these sources have different corona/disc structures that
inhibit the measurement of a clear iron K lag. Understanding these
correlations in greater detail will be important for understanding the
structure of the corona and its connection with the mass accretion
rate and disc geometry.
5.2 Low-frequency lags
Most of the low-frequency lags in our sample can be understood
within the framework of either the propagating fluctuations model
(25/43 or ∼60 per cent of sources) or in terms of reverberation
that goes down to the lowest frequencies we can probe (8/43 or
∼19 per cent of sources). The remaining 10 sources are: NGC
1365, NGC 3516, NGC 4395, NGC 3227, MCG-6-30-15, Mrk 841,
Mrk 586, Mrk 205, Mrk 1040 and ESO 113-G010. Four of these
sources, MCG-6-30-15, NGC 3227, Mrk 205 and Mrk 1040, show
evidence for a hard lag that increases with increasing energy (i.e.
they look like other low-frequency hard lags), but the hard lag does
not extend down to the lowest frequencies. For the remaining six
sources, there is no evidence for a hard lag that increases with
energy.
Low-frequency soft lags have been shown previously in three
cases of bright, variable, well-observed sources: NGC4051 (Alston
et al. 2013), MCG-6-30-15 (Kara et al. 2014b) and NGC 1365 (Kara
et al. 2015). The low-frequency soft lag appears under different
circumstances for these three sources, and it is possible that some
of the others in this sample behave in the same way.
NGC 4051 is highly variable and has a low-mass black hole (∼2
× 106 M). Alston et al. (2013) found that there was a flux depen-
dence to the time lags in this source. By looking at short segments
(10 ks) where the source was in a high flux state, they found that the
source behaved in the ‘normal’ way (i.e. low-frequency hard lag,
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Figure 8. Lleft: the iron K lag amplitude versus black hole mass relation as in Fig. 5 (in grey points), now including upper limits from sources with non-
detections (dark blue arrows). See text for details on how upper limit on lag is measured. The dot–dashed and dashed lines correspond to the light-crossing
time at 1 and 9 rg, respectively. Two sources seem to diverge from the correlation most, NGC 3516 and PKS 0558−504. Right: same as Fig. 7, now including
upper limits in dark blue. The relatively small lag of NGC 3516 and PKS 0558-504 may be explained by their low Eddington ratios.
high-frequency reverberation). However, the low-frequency hard
lag was observed to disappear, and become a low-frequency soft
lag as the source flux decreased. The short, low-flux segments
were taken from a range of different epochs, and all low-flux seg-
ments showed systematically the same behaviour of a low-frequency
soft lag.
NGC 1365 was recently observed by XMM–Newton for several
orbits (Risaliti et al. 2013). High-frequency iron K reverberation
was found during the most unobscured observation. In this obser-
vation, there was a low-frequency soft lag. The other observations,
however, did not show the same low-frequency behaviour. Two
observations showed a low-frequency hard lag, and another had
evidence for another low-frequency soft lag. The low-frequency
lags could be understood in terms of changes in the neutral absorber.
Time-resolved spectroscopy from Walton et al. (2014) showed that
the column density of the absorber was decreasing throughout the
most unobscured observation (as if the source was becoming less
obscured with time). This was found to explain the low-frequency
soft lags because the hard photons could penetrate the absorber be-
fore the soft photons could (see Kara et al. 2015 for more details on
the model). A variable neutral absorber then gives a natural reason
for why the low-frequency lag was different in the other observa-
tions. This low-frequency lag differs from the one in NGC 4051
because it was not a systematic behaviour that occurred over many
segments.
Lastly, MCG-6-30-15 is a source that has been observed by
XMM–Newton several times, and all observations show roughly the
same mean count rate. The low-frequency lags are also stable over
all observations. MCG-6-30-15 shows a low-frequency hard lag,
similar to most sources, but at around 1.5 × 10−4 Hz, it turns over
sharply to a low-frequency soft lag. This is different from the low-
frequency soft lags in NGC 1365 and NGC 4051 in that it is present
in all observations and at all flux regimes. Also, unlike NGC 4051
where the low-frequency hard lag disappears, in MCG-6-30-15, the
hard lag is always present.
The fact that the behaviour of the low-frequency soft lag in these
sources occurs under different circumstances suggests that they are
not due to the same phenomenon. In our sample, there are sources
that appear to be more like NGC 1365, in that they show no hard
lag, and ones that are more similar to MCG-6-30-15, where a hard
lag is present, but turns over at lower frequencies. Because in our
systematic analysis we have averaged over all observations and all
flux regimes, we cannot assess whether sources behave like NGC
4051, where the hard lag disappears at low fluxes. Also, of the
eight sources that show this interesting low-frequency soft lag (not
including MCG-6-30-15 and NGC 1365), only one source, NGC
3516, has more than one variable, long observation. This makes it
impossible to test if the low-frequency soft lags are steady or change
with time. More orbit-long observations are required to understand
the lowest frequency time lags, and to understand how these lags
behave over time.
Interestingly, four of the subsample of 10 sources with low-
frequency soft lag are known to have complex and variable neu-
tral absorption. These include: NGC 1365 (Risaliti et al. 2005,
2013), NGC 4395 (King et al. 2013), NGC 3227 (Markowitz
et al. 2009) and NGC 3516 (Turner et al. 2011). Parker et al.
(2015) also found that variable neutral absorption could explain
much of the low-frequency variability below 2 keV in the prin-
cipal component analysis of NGC 1365, NGC 4395 and NGC
3227.
6 C O N C L U S I O N S
We have presented the results from a systematic analysis of the
X-ray time lags in Seyfert galaxies observed with the XMM–
Newton observatory. Reverberation is found in ∼50 per cent of
sources, and the featureless hard lag is found in ∼85 per cent
of sources. We confirm the iron K lag amplitude–black hole
mass relation, and show that there are hints of a correlation be-
tween source height or extent and mass accretion rate. X-ray
spectral timing analysis is a powerful tool for probing the inner
regions around supermassive black holes, and is revealing rela-
tivistic reverberation in a significant fraction of variable Seyfert
galaxies.
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APPENDI X A
The following plots show the individual results for all 43 sources in
our sample. See main text for details on the analysis.
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Figure A1. The X-ray time lags for the sample. The leftmost panel shows the time-integrated fluxed energy spectrum for each of the individual observations
used in this sample. The next panel (middle-left) shows the lag-frequency spectrum between 0.3–1 keV and 1–4 keV. In a few cases, it was not possible to
measure significant lag between these bands because there was not much variability in the soft band. In those few cases (marked with two asterisks), we
measured the lag between 2–4 keV and 4–7 keV. The next panel (middle-right) shows the low-frequency lag-energy spectrum for the frequency range specified
in the plot. It is based on the low-frequency lags of the lag-frequency spectrum. The rightmost panel shows the high-frequency lag-energy spectrum for sources
whose lag-frequency spectrum changes at high frequencies. The blue and red arrows on the lag-frequency spectra indicate the frequencies at which the lowest
and highest energy bins of the lag-energy spectra become dominated by Poisson noise. In nearly all cases, we do not probe frequencies above the red arrow. The
symbols in the corners of the lag-energy spectra indicate generally what category they fall into: magenta hexagon = previously published iron K reverberation;
cyan square = iron K reverberation found through this work; blue circle = low-frequency hard lag; red diamond = low-frequency soft lag. Note that some
sources with previously iron K reverberation lags found reverberation at particular flux states (e.g. IRAS 13224−3809, NGC 4151, NGC 4051) or at the QPO
frequency (e.g. RE J1034+396 and MS 22549−3712, and so we refer the interested reader to the iron K discovery papers for a detailed analysis).
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